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A vertically graded anisotropy profile has been proposed as an optimized balance of low coer-
civity and thermal stability for multilayers used in magnetic media. Deposition pressure is known
to have a profound effect on the magnetic reversal properties of Co/Pd multilayers, making it an
attractive control parameter for achieving an anisotropy gradient. We have used polarized neutron
reflectometry to study the depth-dependent reversal behavior of ”pressure-graded” Co/Pd, and
observed pronounced gradients in the saturation magnetization and in the rate at which magnetiza-
tion changes with field (the effective anisotropy). While the anisotropy gradient likely arises from a
combination of factors intrinsic to deposition pressure, micromagnetic simulations indicate that the
observed saturation magnetization gradient alone has a major effect on the resulting coercivity.
I. INTRODUCTION
The magnetic recording ”trilemma” describes the frus-
tration inherent in simultaneously optimizing signal-to-
noise, maximizing thermal stability, and reducing switch-
ing field distribution in magnetic media.1 In particular,
the latter two goals are seemingly mutually exclusive - it
is desirable to write bits with the smallest possible field,
but once written, those bits need to be as stable as pos-
sible. Exchanged coupled composites (ECC) - featuring
a high anisotropy ”hard” magnetic layer to serve as an
anchor against thermal fluctuations exchange coupled to
a low anisotropy ”soft” magnetic layer to assist reversal -
have been proposed as an optimized solution.2 Suess took
the concept further, proposing that a multilayer where
the anisotropy gradually varied from top to bottom of the
stack would constitute an ideally optimized ECC.3 Since,
such ”graded anisotropy” magnetic multilayers have been
studied both theoretically4–7 and experimentally, includ-
ing for multilayers where the anisotropy profile was con-
trolled by varying layer thickness,8 composition,9 and
substrate temperature.10
During magnetron sputtering, deposition pressure is
known to have strong influence on the magnetic proper-
ties of sputtered Co/Pt11 and and Co/Pd12,13 multilay-
ers. As sputtering pressure is increased, the film becomes
more disordered, and reversal becomes a more localized
process. This results in smaller domains, increased coer-
civity, wider switching field distribution, and decreased
saturation magnetization.11,13 Thus, varying the sputter-
ing pressure throughout deposition is potentially an at-
tractively simple method for tailoring depth-dependent
reversal properties without changing the material com-
position - for example to achieve a graded anisotropy
structure. Such ”pressure-graded” Co/Pd samples have
been studied with magnetometry, scanning electron mi-
croscopy with polarization analysis, and polarized neu-
tron reflectometry (PNR),12–14 but these studies have
not addressed the nature of the anisotropy profile - i.e.
the rate at which the magnetization at different depths
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FIG. 1. Normalized field-dependent magnetization normal-
ized for samples as measured with VSM, with field applied
perpendicular (dashed lines) and parallel (solid lines) to the
sample surface. Solid symbols correspond to the integrated
in-plane magnetization profiles as measured with PNR.
in the multilayer changes with field. With this in mind,
we have used PNR to determine the depth-resolved hard
axis magnetization curves for a pressure-graded Co/Pd
multilayer.
II. EXPERIMENT
Room temperature Ar+ magnetron sputtering was
used to deposit the sample onto a Si (100) substrate.
The base pressure of the chamber was 1.33 µPa. A 20
nm Pd seed layer was sputtered at an argon pressure of
0.7 Pa, followed by 30 bilayer repeats of [0.4 nm Co /
0.6 nm Pd] at 0.7 Pa, 15 bilayer repeats at 1.6 Pa, 15 bi-
layer repeats at 2.7 Pa, and a 4.4 nm Pd cap layer at 2.7
Pa. Vibrating sample magnetometry (VSM) was used
to measure the room temperature field-dependent mag-
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FIG. 2. Example reflectivities measured at (a) 3.0 T, and (b) 0.1 T. Solid lines are model fits to the data. Error bars correspond
to ± 1 σ.
netization, for magnetic field applied both perpendicular
and parallel to the plane of the sample, as shown in Fig-
ure 1. The perpendicular hysteresis loop is much more
square than the in-plane, indicating that collectively , the
sample exhibits perpendicular magnetic anisotropy.
Room temperature PNR measurements were used to
characterize the properties of the individual pressure re-
gions. Primary measurements were taken using Asterix
at the Los Alamos Neutron Science Center, while sup-
porting measurements were conducted using the NG-
1 Reflectometer at the NIST Center for Neutron Re-
search. PNR is sensitive to the depth profiles of the
nuclear composition and in-plane magnetization of thin
films and multilayers.15,16 Specifically, for neutrons with
magnetic moment polarized either parallel (+) or anti-
parallel (-) to an applied magnetic field H, the non spin-
flip wavevector transfer-dependent specular reflectivities
R(Q)++ and R(Q)−− are functions of the spin-dependent
scattering length density depth (z) profiles,
ρ++(z) = ρN + CM, (1)
ρ−−(z) = ρN − CM. (2)
where ρN is indicative of the nuclear composition, M
is the in-plane projection of the sample magnetization
parallel to the applied field, and C is a constant.17 It is
straightforward to exactly calculate the reflectivity cor-
responding to a given scattering length density profile,16
thus depth profiles of both ρ and M can be determined
through model fitting of the measured spin-dependent re-
flectivities. Since specular PNR is insensitive to the com-
ponent of the magnetization perpendicular to the sam-
ple surface,16 primary measurements were conducted as
a function of decreasing in-plane H from 3.0 - 0.1 T,
followed by a measurement at 10 T. This procedure al-
lowed for characterization of the in-plane magnetization
depth profile as spins in the sample progressively relaxed
away from a hard-axis orientation. Note that spin-flip
scattering (R+− and R−+) is not to be expected in this
geometry, as it arises from the in-plane component of
the sample magnetization perpendicular to H. This was
experimentally confirmed by a limited number of mea-
surements with a spin analyzer between the sample and
detector. Examples of the fitted PNR data measured at
3.0 T and 0.1 T are shown in Figure 2.
From Eq. 1-2, the sample magnetization is manifest
in the differences between R++ and R−−. Fig. 2 shows
clear spin-dependence in the reflectivities at both high
and low field, indicating sensitivity to the magnetic depth
profile. Further, significant changes are observed as the
field is reduced, indicating sensitivity to the reduction in
in-plane magnetization. Solid lines in Fig. 2 are fits to
the data generated using the Refl1D software package.18
The fits reproduce the data well, and correspond to nu-
clear and magnetic depth profiles shown in Figure 3. The
z-dependent nuclear scattering length density used to
model the data at all fields is shown in Fig. 3 (a), with
features corresponding to the Si substrate, Pd seed layer,
Co/Pd multilayer and Pd cap. As the Q-range measured
was insufficient to resolve the individual Co and Pd lay-
ers, and since neither the density or relative composition
is expected change significantly with deposition pressure,
the Co/Pd multilayer is modeled as CoPd ”alloy” with
constant ρN .
8(note, allowing ρN to vary provided no sig-
nificant improvement in fit quality). Vertical dashed lines
in Fig. 3 indicate the expected positions of the three
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FIG. 3. Depth profiles determined from model fitting of
the PNR data. (a) Nuclear scattering length density depth
profile. (b) Depth profiles of the in-plane magnetization com-
ponent parallel to the applied field shown at several example
fields. The horizontal dashed line corresponds to the maxi-
mum theoretical magnetization of [0.4 nm Co / 0.6 nm Pd]
if the magnetization arises solely from Co. (c) Depth profiles
shown in (b) normalized by the 10 T saturation profile.
pressure regions.
The in-plane magnetization depth profiles at selected
fields are shown in Fig. 3(b). These profiles can be com-
pared to VSM results by integrating M over all z, as
shown by the solid points in Fig. 1. The normalized in-
tegrated values agree well with the corresponding VSM
measurements, a strong confirmation of the model fit-
ting. In contrast to the flat Co/Pd nuclear profile, a
highly non-uniform magnetic profile was required to fit
the data. The magnetic model used consists of two mag-
netic layers with a broad 30 nm error function interface.
This model was found to fit the data better than 3 dis-
crete layers with sharp interfaces, even at the highest
applied fields. The 2 σ uncertainty for the high and low
z magnetizations was calculated using a Markov chain
Monte Carlo algorithm,18–20 and was found to be less
than 10 kA m−1 for all values.
At the initial applied field of 3 T, the magnetization
profile is highly nonuniform, as M decreases with increas-
ing z. The similar profile determined from a subsequent
measurement at 10 T shows that this nonuniformity is
not due to lack of magnetic saturation, but instead orig-
inates from a saturation magnetization (MS) that varies
significantly with z. For high field, the magnetization
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FIG. 4. (a) Field-dependent magnetizations of regions de-
posited at different pressures (depths). (b) Ratio of the 0.7
Pa region magnetization to the magnetization in the 2.7 Pa
and 1.6 Pa regions, respectively. Solid lines are guides to the
eye.
of the low pressure region is too large to be attributed
to Co alone, implying a contribution due to Pd polar-
ization near Co interfaces.21 Assuming a Co MS = 1444
kA m−1,15 and 40% Co concentration, the maximum M
arising purely from Co should be 578 kA m−1, denoted
by the horizontal dashed line in Fig. 3(b). Attribut-
ing the excess magnetization to interfacial polarization
implies a Pd areal magnetization of up to 0.3 mA (3
×10−5 emu cm−2) in the low pressure region, compara-
ble to values determined previously for epitaxial Co/Pd
superlattices.22,23
As field is reduced, M drops for all z, corresponding to
spins rotating away from the hard axis direction. While
the magnetization gradient is apparent at all fields in Fig.
3(b), the depth-dependent variation in MS makes it diffi-
cult to discern variations in anisotropy - i.e. it masks vari-
ations in the rate at which the M drops with H. To make
this rate apparent, Figure 3(c) shows the magnetization
profiles in 3(b) normalized by the nominally saturating
10 T profile. Plotting in this way, we see that particularly
at low H, M drops with reduced H much faster at high z
than at low z. i.e., the sample is progressively harder to
magnetize in-plane as deposition pressure increases with
increasing distance from the substrate interface. These
field-dependent profiles can be put into a more familiar
context by extracting slices of the field-dependent mag-
netization profile, and plotting M(H) corresponding to
different depths in the sample. Figure 4(a) shows M(H)
for regions deposited at 0.7 Pa (z = 24 nm), 1.6 Pa (z =
56 nm) and 2.7 Pa (z = 80 nm), while Figure 4(b) shows
the ratio of the 0.7 Pa region magnetization to that of the
2.7 Pa and 1.6 Pa regions. Fig. 4(a) demonstrates the
clear pressure (depth) dependent variations in saturation
magnetization, while Fig. 4(b) shows that as as pressure
4is increased the magnetization drops faster with decreas-
ing field. That the rate at which magnetization drops
with field indeed changes with depth, demonstrates that
pressure grading does result in a corresponding gradient
in the effective anisotropy.
III. DISCUSSION
The observed gradient in effective anisotropy likely
arises from several factors that are difficult to disen-
tangle, including pressure-dependent variations in crys-
talline disorder, intrinsic magnetocrystalline and inter-
facial anisotropy, domain size, and saturation magne-
tization. While we cannot uniquely isolate the depth-
dependencies of the rest of these parameters, PNR mea-
surements do reveal the depth-dependence of MS . This
MS gradient plays a critical role in the reversal behavior,
and must be accounted for in potential device applica-
tions. Consider that to first order, the field associated
with uniaxial anisotropy of energy density (anisotropy
constant) K is linearly dependent on both K and MS
24
HA =
2K
µ0MS
. (3)
Therefore, by definition, the observed 40 % gradient in
MS linearly affects the profile of the anisotropy field. In
addition, MS (i.e. the magnitude of the magnetization
vector) has a linear effect on the Zeeman energy - the
energy penalty corresponding to the deviation of magne-
tization vector from the direction of the applied field. If
we define φ to be the angle between the easy axis and the
magnetization vector, the Zeeman energy is defined24
Wz = µ0HMS cos (φ− pi
2
). (4)
Thus, we identify two simple channels for MS to lin-
early affect reversal behavior. To further illustrate this
point, we have used the OOMMF micromagnetic soft-
ware package25 to simulate easy-axis hysteresis loops for
three different ”pillars” of spins, all with the same av-
erage anisotropy constant and saturation magnetization,
but with different distributions of K and MS . Each pil-
lar consists of a 10 × 10 × 64 nm array of 1 nm3 spins,
with an exchange constant of A = 0.178 pJ m−1, a value
chosen such that the spins in different regions are neither
rigidly coupled, nor effectively decoupled. The average
MS = 629 kA m
−1 (i.e. the average value determined
from PNR), and the average K = 710 kJ m−3 (a reason-
able value for Co/Pd26). Cartoon depictions of the three
spin structures considered are shown in Figure 5(a): con-
stant K (710 kJ m−3) with constant MS (629 kA m−1),
a 40 % graded K (500-1200 kJ m−3) with constant MS
(629 kA m−1), and constant K (710 kJ m−3) with a 40 %
graded MS (370-900 kA m
−1, i.e. the MS profile shown
for Fig. 3(c)). Figure 5(b) shows simulated hysteresis
loops for H along the long (easy) axes of the pillars. In
this example, a 40 % gradient in K indeed softens the
const grd K grd MS
1200 kJ m-3500 kJ m-3
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FIG. 5. (a) Cartoon depiction of spin structures used for mi-
cromagnetic simulations. All have the same average K and
MS , but different K and MS depth profiles. From left: con-
stant K with constant MS , graded K with constant MS , and
constant K with graded MS . Magnitude of MS is depicted
by arrow size, while magnitude of K is depicted by grayscale.
(b) Simulated hysteresis loops for H along the long axis for
the three pillars shown in (a).
loop, resulting in a 19 % reduction in coercive field as
compared to the constant K, constant MS pillar. How-
ever, a 40 % gradient in MS results in an even larger
29 % decrease in coercive field. While the actual mech-
anism of reversal in pressure-graded Co/Pd is certainly
more complicated than can be described with this simple
simulation, this result emphasizes the significant role of
the MS gradient. This intrinsic variation in MS certainly
must be considered in the design of actual devices based
on pressure-graded Co/Pd, and may be exploitable as a
knob for precisely tailoring magnetization reversal prop-
erties in magnetic media.
5IV. CONCLUSION
We explicitly demonstrate that a simple technique of
varying pressure during magnetron sputtering can be
used to create magnetic multilayers exhibiting a pro-
nounced vertical gradient in the effective anisotropy. In
addition to the anisotropy gradient, we find that pres-
sure grading leads to a pronounced gradient in the satu-
ration magnetization, and that this saturation magne-
tization gradient critically affects the magnetic rever-
sal properties. Further, this work demonstrates how
detailed polarized neutron reflectometry measurements
of the depth-resolved, hard-axis magnetization curves
can be used to extract information about the depth-
dependent anisotropy that is difficult or impossible to
acquire through other techniques. Support from the
NSF Materials World Network program (DMR-1008791)
is gratefully acknowledged. We are extremely grateful to
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